Purpose Numerous posterior non-fusion systems have been developed within the past decade to resolve the disadvantages of rigid instrumentations and preserve spinal motion. The aim of this study was to investigate the effect of a new dynamic stabilization device, to measure the screw anchorage after flexibility testing and compare it with data reported in the literature. Methods Six human lumbar spine motion segments (L2-5) were loaded in a spine tester with pure moments of 7.5 Nm in lateral bending, flexion/extension and axial rotation. Specimens were tested intact, after instrumentation of the intact segment, after destabilization by a nucleotomy and after instrumentation of the destabilised segment with the new non-fusion device (Elaspine). After flexibility testing all screws were subjected to a pull-out test. Results Instrumentation of the intact segment significantly reduced the RoM (p \ 0.002) in flexion, extension and lateral bending to 49.7, 44.6 and 53% of the intact state, respectively. In axial rotation, the instrumentation resulted in a non-significant RoM reduction to 95% of the intact state. Compared to the intact segment, instrumentation of the destabilized segment significantly (p \ 0.05) reduced the RoM to 69.8, 62.3 and 79.1% in flexion, extension and lateral bending, respectively. In axial rotation, the instrumented segment showed a significantly higher RoM than the intact segment (137.6% of the intact state (p \ 0.01)). The pull-out test showed a maximum pull-out force of 855.1 N (±334) with a displacement of 6.1 mm (±2.8) at maximum pull-out force. Conclusions The effect of the investigated motion preservation device on the RoM of treated segments is in the range of other devices reported in the literature. Compared to the most implanted and investigated device, the Dynesys, the Elaspine has a less pronounced motion restricting effect in lateral bending and flexion/extension, while being less effective in limiting axial rotation. The pull-out force of the pedicle screws demonstrated anchorage comparable to other screw designs reported in the literature.
Introduction
In industrialized countries, epidemiological studies state the percentage of people suffering from low back pain at some point of their life with 70-85% [1] . Once conservative treatment fails, spinal fusion, sometimes accompanied with neural decompression, is still considered the standard treatment [2, 3] for higher degrees of segmental degeneration and instability. However, spinal fusion supported by rigid instrumentation can have undesired side effects, such as accelerated degeneration of adjacent segments [4, 5] . It is hypothesized, that fusion of a motion segment leads to an overload and hypermobility of adjacent segments. Nonfusion, also known as dynamic stabilization or motion preservation devices aim to maintain or moderately reduce the mobility of a motion segment and thereby decrease or eliminate adjacent level degeneration. Generally, these devices can be divided into anterior and posterior implant concepts. Posterior devices can be further grouped into interspinous spacers, facet joint replacements and pediclescrew-based implant concepts [6] . The latter either consists of a non-rigid connecting element between the pedicle screws, or a joint between the pedicle screw/rod connection allowing a hinged or polyaxial motion. There are various design concepts of non-rigid connection elements ranging from flexible springs to more sophisticated damping elements with direction dependable stiffness in tension, compression and bending. Undoubtedly, the Dynesys (Zimmer GmbH, Winterthur, Switzerland) is the most widespread and popular posterior dynamic stabilization device. It is built up of a polycarbonate urethane (PCU) spacer surrounding a polyethylene-therephtalate (PET) cord, which is connected to the pedicle screws. Flexion movements resulting in tensile forces in the device are limited by the PET cords connected to the pedicle screws. Extension movements causing compression of the device are restricted by the PCU spacer between the pedicle screws. However, biomechanical studies have shown, that the Dynesys device has a more motion restricting effect in flexion than in extension [7, 8] . The newly developed Elaspine device (Spinelab AG, Winterthur, Switzerland) investigated in the present study is comprised of pedicle screws and a locking clip mechanism with a 360°form-fit connecting to an elastic PCU rod (Fig. 1 ). This design is intended to allow a relatively homogenous load transmission in all directions. The aim of the study was to evaluate the effect of Elaspine on the range of motion (RoM) of an intact instrumented and surgically destabilized motion segment and to compare it with published data of clinically established non-fusion devices. Furthermore, the anchorage of the pedicle screws was tested in a pull-out test and further compared to other pedicle screw designs published in the literature.
Methods

Specimen preparation
For biomechanical testing, six fresh frozen human lumbar spines (L2-5) with a mean age of 62.2 years (SD 12.7) were used. Prior to testing a quantitative computed tomography (qCT) scan (GE Lightspeed 16, GE Medical Systems, Waukesha, WI, USA) including European Forearm Phantom calibration (EFP; QRM GmbH, Möhrendorf, Germany) was carried out to determine bone mineral density (BMD). Specimens with previous spinal surgery, posttraumatic abnormalities and structural disorders were excluded. Mean measured trabecular BMD of the instrumented vertebrae was 108.2 mg/cm 3 (SD 21.9). Specimens were vacuum-sealed in double plastic bags and kept frozen at -30°C. Prior to testing, specimens were thawed overnight at 6°C and prepared at room temperature right before testing. All muscular tissue was dissected while ligaments, joint capsules and discs were kept intact. For fixation of the specimens in a spine tester, the cranial half of L2 and the caudal half of L5 were embedded in PMMA cement (polymethyl-methacrylate, Technovit 3040, Heraeus Kulzer, Wehrheim, Germany) and two flanges were mounted on the PMMA blocks. Screws for fixation of a 3D motion analysis system (Winbiomechanics, Zebris, Isny, Germany) were fixed to the anterior side of each vertebra.
Surgical procedure
Prior to the flexibility tests, Elaspine pedicle screws (Spinelab AG, Winterthur, Switzerland, Fig. 1 ) were implanted in L3 and L4 under fluoroscopic control. All pedicle screws were 6.5 mm in diameter and 45 mm long. To verify pedicle screw positioning, anterior-posterior and lateral radiographs were taken (BV 25, Philips, Eindhoven, Netherlands). The following states of the specimens were tested: 1) intact 2) after instrumentation of the intact specimens with an elastic spacer in L3-4 3) after destabilization of L3-4 4) after instrumentation of the destabilized segment with an elastic spacer. The destabilisation consisted of a nucleotomy with removal of approximately 2 g of nucleus to mechanically simulate additional surgical intervention and/or a possible instability caused by disc degeneration. Flexibility testing of the specimens was conducted in a sixdegree-of-freedom spine tester allowing pure moment loading [9] . The caudal end, where specimens are fixed to the load frame allows two translations in the transverse plane (x-y). At the cranial end, the bending moment is induced by cable pulleys via a stepper motor. The design of the cranial fixation allows free rotation in all three axes and translation in the longitudinal (z) axis. The mass of the cranial fixation is counterbalanced by dead weights. Moments and forces induced at the cranial end of the specimen were continuously recorded using a force/ moment sensor (Schunk FT Delta SI 660-60, Lauffen/ Neckar, Germany). Intersegmental motion was measured using an ultrasound-based motion analysis system (Winbiomechanics, Zebris, Isny, Germany, resolution 0.1°). The flexibility tests were conducted according to the recommendations for testing of spinal implants [10, 11] in the three main motion planes using pure moments of 7.5 Nm. In order to minimize viscoelastic effects and allow for preconditioning, only the third load cycle was used to determine the range of motion (RoM) and neutral zone (NZ) from the hysteresis curves. After flexibility tests the discs were dissected, the L3 and L4 vertebrae were isolated and cleaned of all soft tissue and subjected to a pull-out test. Vertebrae were fixed in a bench vice with a ball-socket-joint and mounted in a servohydraulic material testing machine (858 MiniBionix II, MTS, MN, USA). Care was taken to align each pedicle in the axis of the testing machine actuator to ensure a loading of the pedicle screws in its axis. The pull-out test was performed with a preload of 20 N and a constant axial displacement rate of 5 mm/min until the pedicle screws were completely extracted. Maximum pull-out forces and corresponding displacement as well as work to failure were determined from force/displacement graphs of the recorded data. Stiffness values of pedicle screw anchorage were determined for selected load ranges. Maximum pull-out force was compared to data of pedicle screws with other thread designs available in the literature.
Statistical analysis was performed using the SPSS software package (Microsoft Windows release 17.0; SPSS Inc., Chicago, IL, USA). All reported results represent the mean and standard deviation. To analyse for differences between the four tested states, repeated measures analysis of variance (ANOVA) with Bonferroni post hoc analysis was carried out. Significance was specified for a p value lower than 0.05.
Results
RoM and NZ of the instrumented segment in degrees are listed in Table 1 . Changes in RoM normalized to the intact segment are presented in Fig. 2 . Instrumentation of the intact motion segment caused a significant reduction in RoM in flexion, extension and lateral bending to 49.7, 44.5 and 53.5% of the intact specimen (Fig. 2) . In axial rotation, the instrumentation of the intact segment had the least motion restricting effect (95% of intact). Destabilization of the specimens by a nucleotomy resulted in a significant increase in RoM in flexion, extension lateral bending and axial rotation to 187.8, 136.0, 133.7 and 143.3% of the intact, respectively. Instrumentation of the nucleotomized specimens reduced the RoM in flexion (87.9%) and lateral bending (79.2%) to values below those of intact specimens. In extension, the RoM was significantly reduced (62.3%), while in axial rotation the increase in RoM caused by the nucleotomy remained significantly higher than the intact RoM (137.6%).
The pull-out test of the pedicle screws, subsequent to the flexibility test, showed a maximum pull-out force of 855.1 N (±334) with a displacement of 6.1 mm (±2.8) at maximum pull-out force. There was no correlation between BMD and maximum pull-out force (R = 0.140, p = 0.664), whereas the pull-out forces of the left and right pedicle screws of the same vertebra were highly correlated (r = 0.805, p = 0.005). The mean work to failure was 3036.1 Nmm (±2162). Stiffness values were highest for small loads and showed a non-linear decrease with increasing load magnitude ( Table 2) . 
Discussion
The present study investigated the effect of a newly introduced posterior motion preservation device on the stiffness of a motion segment, with and without the presence of a surgical induced structural defect of the intervertebral disc. Instrumentation of an intact segment without additional surgical intervention resulted in a reduction in RoM of approximately 50% in flexion, extension and lateral bending. In axial rotation, the Elaspine device showed the least motion restricting effect. This is comparable with two published in vitro results of other non-fusion devices on intact segments (Fig. 3) also showing the least motion restricting effect in axial rotation. After instrumentation of an intact segment with the DSS implant (Paradigm Spine, Wurmlingen, Germany), Wilke et al. [12] reported motion reductions to 52, 55 and 93% of the intact values in flexion/ extension, lateral bending and axial rotation, respectively. Similar results of intact segment instrumentation were reported for a hinged non-fusion device (Cosmic, Ulrich Medical, Ulm, Germany) in flexion/extension and lateral bending, while in axial rotation the hinged design restricted the motion to 77% of the intact [13] . Clinically, motion preservation is aimed to fill the gap between segmental reconstruction techniques and rigid fusions. While allowing different magnitudes of motion a protection of segmental structures is aimed to be achieved by various load and motion controlling mechanisms. However, different biomechanical studies highlighted the limitations of such devices. While a motion restriction is achieved to a certain extent in flexion/extension and lateral bending-in intact segments as well as in defect situations [7, [12] [13] [14] [15] [16] [17] [18] -in axial rotation the motion restriction seems to be limited in most of the implant designs [7, 8, 12, 14, 17, 18] . Therefore, the clinical indication should be limited to early degeneration stages in the absence of a high-grade instability. However, matching of the individual grade of segmental instability with an ideal motion restriction provided by a certain device seems to be an unsolved problem.
Recently, for one of the clinically most used motion preservation system an increased incidence of pedicle screw loosening and/or failure was reported [19] [20] [21] . This might be associated with an altered screw loading reported for motion preservation devices in experimental and Finite Element studies [22, 23] . Although pull-out tests of pedicle screws apply a non-physiological load vector, they are a generally accepted tool to evaluate pedicle screw anchorage. In this study, we were able to show that the pedicle screws of the Elaspine device are able to resist pull-out forces well comparable to values reported in the literature.
Direct comparison of the effect of different non-fusion devices on the RoM after an additional surgical intervention to other published in vitro studies is difficult. This is due to the differences in surgical intervention and different extents of decompressions/defects performed in the in vitro studies, causing different magnitudes of instabilities. Depending on surgical indications and surgeons preferences the instabilities and interventions carried out in in vitro studies range from isolated instabilities of the disc, instabilities of the disc combined with posterior Fig. 2 RoM normalized to the intact specimens for the intact instrumented specimen (dyn intact), the destabilized specimen (nucleo) and the destabilized instrumented specimen (dyn nucleo). Significant differences to the intact state are indicated by an asterisk decompression and transection of posterior ligaments to isolated posterior decompression with transection of posterior ligaments [7, 8, 12, 13, 16-18, 24, 25] . These surgical interventions cause different magnitudes of RoM increase and hence pose different demands on the stabilizing capability of a device.
To allow a comparison to other studies that investigated non-fusion devices, all published RoM data was normalized to the reported intact state of each study (Fig. 4) . Following surgical destabilisation, the Elaspine device investigated in this paper showed comparable results to the StabilimaxNZ [17] (Applied Spine Technology, new haven, CT, USA) and a hinged pedicle screw system [24] (Safinaz, Algorithma AS, Turkey) in lateral bending (60-79% of intact) and flexion/ extension (55-66% of intact). In axial rotation, the Elaspine, the StabilimaxNZ and the hinged pedicle screw did not reduce the RoM of previously surgically destabilized level below intact values.
In summarizing the results of the Dynesys that was investigated in several in vitro experiments, the majority of studies showed a RoM in the range between 20 and 40% of the intact specimen [7, 16, 18] in lateral bending and flexion/ extension. In axial rotation, the Dynesys resulted in a RoM of 90-101% of the intact. Opposing these results, Schmoelz et al. [8] reported a less motion restricting effect for the Dynesys. However, this might be due to a larger increase in RoM caused by the simulated surgical intervention. In order to more clearly assess the effect of a device after surgical intervention, one should also look at the difference between the instability caused by surgical intervention and the RoM after instrumentation of the instability. This difference compensates the effect of different surgical interventions to some extent and highlights the effect of a device more clearly (Fig. 5) .
This difference shows comparable effects in lateral bending and flexion/extension for the Elaspine, StabilimaxNZ and the hinged pedicle screw design, while all studies investigating the Dynesys restricted the motion to a higher degree. In axial rotation, the Elaspine and StabilimaxNZ had a relatively small effect, while the hinged pedicle screw was in the lower range of the motion restriction reported for the Dynesys.
Maximum values of the measured pull-out forces for the Elaspine pedicle screws can be compared to other screw designs in the literature and to control groups of pull-out experiments investigating the effect of screw augmentation. Bullmann et al. [26] reported a lower maximum pull-out force (632.7 N) with a higher displacement at maximum force (6.8 mm) compared to the present study (855.1 N and 6.1 mm). This might be due to the older specimens (69 years) and the lower BMD (62.4 mg/cm 3 ) in their control group. Masaki et al. [27] also used older specimens (78.3 years) and reported similar pull-out strength (647 N) as Bullmann et al. In the present study we did not find a correlation between BMD and maximum pull-out force. This might be due to the fact, that screw anchorage is not only affected by the trabecular structure within the vertebral body (where BMD was measured), but also on pedicle geometry and whether the screw is anchored only in the trabecular structure of the pedicle or has also cortical thread purchase in the pedicle. The higher stiffness for lower loads could due to the initial anchorage of the screw in the trabecular structure of the vertebra and the pedicle. For higher load magnitudes, first trabeculae might have been already fractured resulting in a decrease in pull-out stiffness.
The present study has some limitations as well. As in all biomechanical experiments, the number of specimens is limited and due to large inter-specimen variation the statistical power is limited. The present study only assessed the immediate post-operative state and did not take any long-term effects, such as bony ingrowth of the pedicle screws, into consideration. This could be an important Fig. 4 Comparison of RoM for destabilized instrumented segments with data published in the literature (StabilimaxNZ-Panjabi et al. [17] ; hinged screw-Bozkus et al. [15] ; Dynesys-A-Gedet et al. [7] ; Dynesys-B-Schulte et al. [18] ; Dynesys-C-Niosi et al. [16] ; Dynesys-D-Schmoelz et al. [8] ) Fig. 5 Comparison of RoM adjusted for differences in the simulated instability. Bars indicate the difference between the instability and the instrumented instability for data published in the literature (StabilimaxNZ-Panjabi et al. [17] ; hinged screw-Bozkus et al. [15] ; Dynesys-A-Gedet et al. [7] ; Dynesys-B-Schulte et al. [18] ; Dynesys-C-Niosi et al. [16] ; Dynesys-D-Schmoelz et al. [8] 
factor concerning the pedicle screw pull-out test. The conducted pull-out tests only assessed the initial screw purchase. For assessment of screw loosening a repetitive loading in flexion/extension would be required. Therefore, it is not possible to draw any conclusion on long-term outcome and pedicle screw loosening.
Conclusion
The effect of the motion preservation device Elaspine investigated in the present study on the RoM of treated segments is in the range of other devices reported in the literature and currently under investigation in clinical trials. As compared with the most implanted and published device, the Dynesys, Elaspine is more flexible and allows a more physiological motion closer to the intact functional spinal unit in lateral bending and flexion extension. On the other hand, the less stiff device is also less effective in limiting motion in axial rotation. The pull-out force of the pedicle screws of the new device is comparable to other screw designs reported in the literature. While varying degrees of motion restriction were demonstrated for different devices, the decision for an ideal clinical application still widely discussed.
